Thirteen rabbits were given repeated cadmium injections to achieve cadmium concentrations in kidney cortex ranging from 0.05 to 1 mmole Cd/kg wet weight. Another four animals served as controls. One kidney from each animal was frozen directly to -70°C whereas the other kidney was kept for 24 hr at + 4C in a preservative (Sachs' solution) to simulate conditions for preservation of human donor kidneys before transplantation.
Introduction
Cadmium is a highly nephrotoxic metal which after long-term exposure gives rise to a typical type of renal damage in animals as well as in humans. The first sign of a cadmium-induced renal effect is an increased excretion especially of low molecular weight proteins. This is an early sign of tubular dysfunction, and the type of proteinuria involved is often designated "tubular proteinuria" (1) . The critical concentration of cadmium in kidney cortex in order to elicit a tubular type of proteinuria is considered to be around 1.8 mmole Cd/kg wet weight (= 200 mg/kg) (1, 2) . The threshold for toxic effects from cadmium in kidney is, however, considerably lower under certain experimental conditions. When cadmium is given parenterally in the form of metallothionein, severe tubular damage develops at cadmium con-*Department of Occupational Medicine, National Board of Occupational Safety and Health, S-17184 Solna, Sweden. **Department of Environmental Hygiene, Karolinska Institute, and The National Institute of Environmental Medicine, S-104 01 Stockholm, Sweden. tDepartment of Thansplantation Surgery, Huddinge Hospital, S-141 86 Huddinge, Sweden. tDepartment of Environmental Medicine, UmeA University, S-901 87 Umea, Sweden. centrations in the kidney of about 0.1 to 0.2 mmole Cd/kg (3, 4) . Metallothionein is a low molecular weight protein (MW 6,500) which normally binds more than 80% of the cadmium bound in various tissues, e.g., liver and kidney. This protein is regarded to have a protective role under physiological conditions (5, 6) . When injected, metallothionein will be filtered from the plasma through the glomeruli into the tubular fluid, as is the case for other low molecular weight compounds. Metallothionein will subsequently be resorbed by the tubular cells, probably by pinocytosis (7) (8) (9) (10) . Subsequent to the cadmium-containing metallothionein complex being taken up by the tubular cells, it undergoes degradation into amino acids, lesser peptides and metal ions. New metallothionein will be formed in the cells to sequester released cadmium ions (11) . When large amounts of cadmium are released from metallothionein during the degradation process, as is the case after a parenteral dose, the tubular cells are unable to produce enough metallothionein, and consequently toxic effects occur (1, 12, 13) . A turnover of the metallothionein in the tubular cells also takes place, and therefore metallothionein is constantly resynthesized in the kidney cells in order to prevent toxicity of cadmium (14, 15) . The biological half-life of metallothionein varies with organ and concentration of metal. Hepatic rat metallothionein containing zinc or cadmium has a half-life in vivo of 10-30 hr or 2.8-3.5 days, respectively (14) . Renal rat metallothionein with cadmium as major metal component has a biological half-life of about 5 days, which is about twice the hepatic value (16) .
Adults in Sweden and in various countries (17, 18) normally have cadmium concentrations in their kidneys of about 0.1 to 0.2 mmole/kg, i.e., concentrations which are toxic to the kidney when this cadmium concentration is reached after parenteral administration of cadmium bound to metallothionein. It could thus be speculated that toxic effects from cadmium could occur in normal human kidneys ifnormal metallothionein metabolism is changed in any way. Of special interest is storage in vitro, which could constitute an inhibiting circumstance, since donor kidneys used for transplantation of kidneys into uremic patients are often stored in a preservative solution up to 24 hr before transplantation.
Tubular dysfunction with varying severity may occur shortly after transplantation (19, 20) . An increased excretion of 02-microglobulin is not uncommon (21) .
The objective of the present work was to examine whether cadmium or zinc is released from metallothionein when kidneys from cadmium-exposed rabbits are perfused and stored in a preservative solution under conditions similar to those used for human donor kidneys. The experiment was performed on two occasions but under identical conditions.
Material and Methods

Animals
Seventeen rabbits (chinchilla in the first series and New Zealand white in the second), weighing about 2.8 kg each when exposure started, were used. The animals were kept in separate cages and given free access to drinking water and ordinary pelleted food. Thirteen of the animals were given subcutaneous injections of cadmium chloride three times/week for 1 to 3 weeks. The total dose given was 2.7, 6.7, 13, 20, 27, and 40 jimole/ kg body weight for different subgroups of animals. Four rabbits (two of each race) served as controls and were given an equal volume (0.2 mL) of 0.9% NaCl subcutaneously.
Between 15 and 20 weeks after cessation of exposure the rabbits were anesthetized by intravenous administration ofmebumal. The abdomen was opened while the animals were still alive, and perfusion of the kidneys with ice-cold modified Sachs' solution started, containing 4.76 g KH2PO4, 9 .70 g K2HPO4-3H2O, 2.30 g KHCO3, 1 .23 g NaHCO3, 0.76 g MgCl2 and 37.50 g mannitol in 1000 mL of distilled water. This solution is routinely used for preservation of human cadaveric kidneys prior to transplantation (22) .
Preparation of Kidneys
As soon as possible, the kidneys were removed under continuous perfusion with ice-cold Sachs' solution into the renal artery. After a successful perfusion, one ofthe kidneys was put directly into liquid nitrogen and subsequently kept at -70°C. The other kidney was placed in an ice-cold beaker with Sachs' solution and kept at 40C. The latter procedure is identical to preservation of human kidneys after transplantation. After 24 hr the preserved kidneys were also frozen in liquid nitrogen and then stored at -700C until further analysis.
Biochemical and Metal Analysis
Directly frozen and preserved kidneys from the same animals were examined parallel to each other. The kidneys were thawed, and samples of approximately 1 g of kidney cortex were taken for gel filtration chromatography using Sephadex G-75 and metal analysis. Before analysis of total metal the samples were dried at 1100C overnight and the dry/wet weight ratio determined. The gel filtration was performed after homogenization and ultracentrifugation by exactly the same equipment and methods earlier described (23) . Cadmium, zinc and copper in protein fractions obtained from the G-75 filtration, and tissues, were determined by atomic absorption spectrophotometry (24) . Quantitative measurements of metallothionein, based on the cadmium saturation method as described by Onosaka and Cherian (25), were carried out on kidneys obtained from nine of the animals. The cadmium saturation method is a quick and easy method for quantitative assay of metallothionein. The concentration of MT can be calculated from a 6 g cadmium atom-MT relationship (25) . More information about animals, exposure and methods used is given in a separate report (26) derived from the same group of exposed animals.
Results and Discussion
The 13 exposed rabbits acquired cadmium concentrations in kidney cortex ranging from 0.05 to 1.0 mmole Cd/kg wet weight. The four control rabbits had cadmium concentrations below 0.02 276 mmole Cd/kg. Gel filtration on G-75 of ultracentrifugated kidney cortex homogenates showed that most of the cadmium in kidneys was recovered in fractions having a V5/V0 ratio of about 2.3. This VeV0 ratio corresponds to the molecular size of metallothionein, as shown in previous experiments using an identical methodology and apparatus (12) . These fractions also contained zinc, and the zinc content in the MT fractions increased with increasing cadmium content, indicating that metallothionein binds both cadmium and zinc. There was no evidence of an increase in the copper content in the metallothionein fractions, with increasing cadmium content. A mathematical relation between cadmium and zinc in metallothionein is described in another report (26) based on the same animals. The cadmium saturation method also confirmed that metallothionein concentration increased with increasing concentrations of cadmium in kidney cortex.
The main objective of the present work was to investigate whether cadmium and zinc are released from metallothionein, or whether metallothionein is degraded, during 24 hr storage in a preservative solution. Each animal was its own control as one kidney was fresh frozen and the other placed for 24 hr in the preservative solution. Table 1 A linear regression analysis between the cadmium content in metallothionein fractions in fresh frozen kidneys (x-axis) and in preserved kidneys (y-axis) yields the following constants: a2 = 0.01, b2 = 1.10 (y = a2 + b2x), and a regression coefficient (r2) of 0.97 (n2 = 17). The corresponding regression constants for zinc in metallothionein fractions of fresh frozen and preserved kidneys was a3 = -0.01, b3 = 1.17 and r3 = 0.96 (n3 = 17). The metallothionein concentration as measured by the cadmium saturation method in fresh frozen and preserved kidneys also correlated very well, a4 = -0.004, b4 = 1;24, r4 = 0.97 (n4 = 9). Thus, the preserved kidneys, on the average, had about 15% higher levels of cadmium, zinc and metallothionein compared to the fresh frozen kidneys from the same animal, which is explained completely by the change in dry/wet weight ratio. It has indeed been noticed that human donor kidneys also change the dry/wet weight ratio subsequent to storage in a preservative (27) . Another way to eliminate the influence from changes in wet/dry weight ratios on the comparability between fresh and preserved kidneys is to use the zinc to cadmium ratio in metallothionein fractions. If, for example, zinc should be released from metallothionein during storage, this would be reflected by a change in the ratio between zinc and cadmium. There was, however, no indication that such a change took place in the present study. A linear regression line between the ratio of zinc and cadmium in metallothionein fractions from fresh and preserved kidneys of exposed rabbits gave the following constants: a5 -0.03, b5 = 0.93, r5 = 0.93 (n5 = 13).
There was no indication that kidneys with either a low or a high cadmium concentration released cadmium or zinc from metallothionein when stored in the preservative ( Table 1 tions were almost identical in fresh frozen and preserved kidneys. Figures 1-3 
